In suspension-cultured tobacco (Nicotiana tabacum) cells, we have often encountered cold-stable microtubules (MTs). The coldstable MTs were found in the pelleted fraction of tobacco cell homogenates. These cold-stable MTs were shown to be accompanied by unidentified filamentous structures that extended along part of their length. However, during the early hours in culture such cold-stable MTs were never observed. They were detectable from 120 h after the beginning of subculture and then their numbers increased gradually. The number of cells with cold-stable MTs eventually accounted for more than 95% of the total population of cells at the stationary phase of culture. The rapid loss of cold stability of MTs occurred when such cells were transferred to fresh medium for subculture. However, if the fresh medium was supplemented with once-used medium, the cold stability of MTs was retained. The active agent in the medium appeared to be of low molecular weight and to be heat resistant. A similar activity was detected in a pectin hydrolyzate. When an inhibitor of protein kinase, either 6-dimethylaminopurine or staurosporin, was added to the cells at an early stage of culture, when cold-stable MTs were normally completely absent, most cells acquired cold-stable MTs. It appears that acquisition or loss of cold stability of MTs in tobacco cells is regulated by the action of a kinase/phosphatase or a phosphorylation/dephosphorylation system on some MT protein(s), such as a cold stabilizer of MTs, some unidentified MT-associated filamentous structure, or even tubulin itself.
MTs' are widely regarded as playing a crucial role in cell growth, intracellular transport, and maintenance of cell shape (for reviews, see refs. 9, 16) . The diverse functions of MTs in cells often require the precise control of the assembly equilibrium and of polymer stability. These controls are exerted by specialized proteins that selectively associate with MTs for specific purposes (for review, see ref. 7) . In mammalian cells, there appear to be different populations of cytoplasmic MTs that can be differentiated on the basis of their resistance to depolymerization at low temperature. Brinkley and Cartwright (5) and Salmon and Begg (26) showed that the kinetochore-to-pole MTs do not depolymerize at low temperature, although the interphase MTs depolymerize. Jones et al. (13) , in an electron microscopic study of neurons in the rat brain, found that numerous intact MTs were present after incubation of tissue slices for 1 h at 0°C, and they suggested 'Abbreviations: MTs, microtubules; 6-DMAP, 6-dimethylaminipurine; CERF, cytoskeletal element-rich fraction; MTOC, microtubule organizing center; 2-D, two-dimensional. that resistance to disassembly at low temperature is conferred on MTs by the presence of a nontubulin factor of unknown identity.
Comparing cold-stable and cold-labile populations of MTs, Webb and Wilson (28) found no difference in either the protein composition or the isoelectric properties of tubulin. Margolis and coworkers (11, 12, 17, 23) have also studied similar cold-stable MTs isolated from rat and sheep brain and concluded that the cold stability resides not in the tubulin but in several auxiliary proteins associated with the MTs. However, evidence has been reported that axonal cold-insoluble tubulin is biochemically distinct from tubulin obtained from whole-brain MTs prepared by cold cycling (4, 8) . Much of our knowledge about the properties of tubulin and MTs is based on the results of studies of that fraction of MT protein that is solubilized in low-temperature homogenates of cells.
Little is known about the function or properties of either cold-extractable or cold-insoluble MTs in cells of higher plants. It is clear, however, that MTs are not all equivalent. They may differ with respect to ultrastructural details, resistance to destabilizing conditions, cellular distribution, and associated proteins. It is important to determine the mechanism of acquisition and loss of cold stability of MTs if we are to understand MT functions in cells of higher plants.
Depolymerization of MTs has been reported to cause the decrease of chilling resistance (25) . Gibberellin was found to decrease cold stability of cortical MTs in epidermal cells of pea intemodes (2) . However, this result was not consistent with the finding that gibberellin increased cold stability of MTs in onion leaf sheaths (18) . Kerr and Carter (14) reported that the different cold stability of MTs in root-tip cells was detected between cold-acclimated and nonacclimated rye, and showed the alteration of tubulin isoforms during cold acclimation (15) . However, only small differences in MT stability were detected between cold-acclimated and nonacclimated spinach (Spinacia oleracea) mesophyll cells (3) .
Suspension-cultured tobacco (Nicotiana tabacum Bright Yellow 2) cells are a suitable material for investigations of cold-stable MTs because their MTs lack cold stability completely during the early stages of culture and acquire cold stability gradually but lose it again when transferred to fresh medium for subculture. Therefore, this system appears to be useful for examining the process and mechanism whereby the cold stability of MTs is acquired and lost.
in vitro in extracts of these oocytes (20) . Furthermore, cdc-2 kinase was shown to be inhibited by 6-DMAP in extracts of Xenopus eggs (27) . In the present report, 6-DMAP was used effectively to induce cold stability of MTs in tobacco cells, as was staurosporin, which is a well-known inhibitor of protein kinases.
MATERIALS AND METHODS

Plant Material
Tobacco (Nicotiana tabacum Bright Yellow 2) cells, provided by Professor T. Nagata of Tokyo University, were cultured in suspension in Linsmaier and Skoog's medium supplemented with 3% (w/v) sucrose and 0.2 mg/L 2,4-D, at pH 5.8, at 270C in the dark. These cells were subcultured at 7-d intervals in 300-mL Erlenmeyer flasks that contained 100 mL of medium.
For the production of protoplasts, cells were treated with wall-lysis medium that consisted of 1% Cellulase Onozuka RS (Yakult Honsha Co. Ltd., Tokyo, Japan) and 0.1% pectolyase Y23 (Seishin Pharmaceutical Co. Ltd., Chiba, Japan) in 0.4 M mannitol, pH 5.5.. After incubation at 270C for 1.5 h, the suspension of cells was filtered through 50-,um nylon mesh. The protoplasts were then sedimented by centrifugation for 5 min at 5OOg and washed with 0.4 M mannitol.
Immunofluorescence Observations
For cold treatment, intact cells and protoplasts were collected in Eppendorf centrifuge tubes and put under ice water, usually for 1 h. As controls, cells in Eppendorf centrifuge tubes were incubated at 270C for 1 h. For the immunofluorescence observation, cells were handled according to the similar procedures described by Wick et al. (29) (10 g ) were homogenized with a Tomy ultrasonic disruptor, model UD-201 (Tomy Seiko Co. Ltd., Tokyo, Japan) in 50 mL of extraction buffer (100 mM piperazine-N,N'-bis(2-ethanesulfonic acid), 1 mM MgSO4, 1 mm DTT, 0.2 mm PMSF, 25 ,ug/mL of leupeptin, 25 ,g/mL of pepstatin A, 1 mm GTP, 1 mm EGTA, pH 6.9). The homogenate was centrifuged at 100,000g for 1 h at 40C. The resultant pellet was used as a source of cold-stable MTs. The pellet was resuspended in extraction buffer and dispersed in a Teflon homogenizer, then the suspension was centrifuged at 30,000g for 1 h at 40C. The supematant was centrifuged again at 100,000g for 1 h at 40C. Because the pellet contained various filamentous structures, including cold-stable MTs, this fraction is referred to as CERF.
Treatment of Tobacco Cells with Inhibitors of Protein Kinase
The preparations of tobacco cells in suspension were supplemented with solution in DMSO of an inhibitor of protein kinase, either 6-DMAP or staurosporin, and incubated at 270C for an appropriate period. The final concentration of DMSO was adjusted so that it did not exceed 5% (v/v). Then the cells were incubated at 0°C for 1 h to investigate coldstable MTs.
Preparation of Pectin Hydrolysate
Citrus pectin (10 mg/mL) was hydrolyzed by addition of pectinase from Aspergillus niger at a concentration of 10 OL/ mL (Sigma). The mixture was incubated for 1 h at 300C and then the reaction was terminated by heating over boiling water for 1 min. After removal of the precipitate with centrifugation (50OOg for 10 min at 40C), the supematant was added to fresh medium at an appropriate concentration.
2-D PAGE and Immunoblotting
The 2-D PAGE system of O'Farrell (22) was used. The preparations of cells were homogenized in a glass homogenizer in equal volumes of SDS-sample buffer (0.25 M TrisHCl buffer, pH 6.9, containing 1% SDS, 20% glycerol, 10% 2-mercaptoethanol) over boiling water for 3 min to avoid proteolysis, and centrifuged at 10,000g for 5 min at 40C. Resultant supematants were used for electrophoresis. To each of the samples, urea, Nonidet P-40, ampholine (1.5% pH 5-7, 0.5% pH 3.5-10; Pharmacia LKB, Uppsala, Sweden) and 2-mercaptoethanol were added to final concentrations of 8.5 M, 2%, 2%, and 5%, respectively, before isoelectric focusing. Isoelectric focusing was performed in gels that contained a mixture of 1.5% pH 5 to 7 and 0.5% pH 3.5 to 10 ampholine. Isoelectric focusing was performed at 300 V for 12 h, then at 700 V for 1 h. After immersion in SDS-sample buffer for 2 h at 360C, the gels were used for electrophoresis in the second dimension. SDS-10% polyacrylamide gels were used in the second dimension. After 2-D PAGE, proteins were transferred to nitrocellulose membranes using the blotting system of Bio-Rad (Richmond, CA). The membranes were soaked for 1 h in a 1% (w/v) solution of BSA in PBS; they were then incubated with a monoclonal antibody raised against a-or f3-tubulin from chick brain (Amersham Japan, Tokyo) for 1 h at 360C, washed with PBS that contained 0.05% Tween 20 and incubated for 1 h with peroxidase-conjugated goat antibodies against mouse immunoglobulin G (Bio-Rad). Tubulin on nitrocellulose membranes was visualized by incubation with 0.06% 4-chloro-1-naphtol and 0.03% H202 in PBS.
EM
For the negative staining of cold-stable MTs, single drops of preparations were applied to Formvar-coated copper grids. The grids were washed with distilled water and stained with a 0.1% aqueous solution of uranyl acetate. The electron micrographs were taken with a JEM 100C (JEOL Ltd., Tokyo, Japan) transmission electron microscope. Chemicals 6-DMAP was purchased from Fluka Chemie AG (Buchs, Switzerland) and staurosporin was a generous gift from Dr. H. Takizawa (Osaka University). Piperazine-NN'-bis(2-ethanesulfuric acid), DMSO, EGTA, and citrus pectin were purchased from Wako Pure Chemicals (Osaka, Japan). GTP was purchased from Yamasa Shoyu, Ltd. (Chiba, Japan). Leupeptin and pepstatin A were obtained from the Peptide Institute, Inc. (Osaka, Japan).
RESULTS
Acquisition of Cold Stability by MTs in Cultured Tobacco Cells
Tobacco cells were transferred every 168 h to a fresh medium for subculture at a cell density of 1.5 x 107 cells/ 100 mL. No cold-stable MTs were detected at early stages of culture. As shown in Figure 1 , for at least 96 h from the beginning of subculture, complete depolymerization of MTs by cold treatment for 1 h was achieved. The first recognizable cold-stable MTs were generally found 120 h after subculture; they were thin and short, their number was very small, and they were seen in only a minor population of cells (less than 1% of the total cells). Then, both the number of cells that contained cold-stable MTs and the numbers of cold-stable MTs in each cell increased gradually with time. After 192 h, the cells containing cold-stable MTs accounted for more than 95% of the total, as shown in Figure 1A . The cold-stable MTs in the cells at a late stage appeared to be much more organized than those in the cells at 120 h. Timing of the first appearance of cold-stable MTs after subculture depended upon the density at which cells were subcultured. When a subculture was started at a high cell density (7.5 x 10' cells/100 mL), the disappearance of cold-stable MTs ordinarily occurred rapidly, but the time lag until reappearance of cold-stable MTs was shortened and cold-stable MTs were detected at 96 h. At lower cell density (3 x 106 cells/100 mL), the appearance of cold-stable MTs was delayed until 168 or 196 h, and sometimes cells failed to acquire cold-stable MTs throughout the culture. Cold-Labile and Cold-Stable MTs in Tobacco Cells
As described above, tobacco cells at an early stage of culture have no cold-stable MTs. The properties of cold-labile MTs were determined in cells that had been cultured at 270C for 48 h after transfer to fresh medium. As shown in Figure 2 , cold treatment for 10 min induced a marked decrease in the number of MTs in each cell, but most cells still retained a small number of MTs. Most MTs were disassembled by cold treatment for 20 min, but the remnants of MTs were still observed on occasion, and cold treatment for more than 30 min was required for the complete disappearance of MTs. In the present study, therefore, cold treatment was performed for 1 h. One hour was deemed to be sufficient for the complete disassembly of MTs and, thus, treatment defined such disassembling MTs as cold labile. Those MTs that were The MTs obtained in this way are considered cold stable because in spite of the low-temperature treatment throughout the more than 3-h preparative procedure, they retain the structure of typical MTs. In electron micrographs, these MTs were found to be accompanied by filamentous structures. These filamentous structures were, however, not always associated with the entire length of MTs, but most MTs on photographs were accompanied by such structures (Fig. 3 ).
Rapid Loss of Cold Stability of MTs in Cultured Tobacco Cells
The tobacco cells were routinely transferred to fresh medium after 168 h in culture. As shown in Figure 1 , at 168 h more than 70% of cells acquired cold-stable MTs. However, the cold stability was lost soon after the transfer of cells to fresh medium. This loss of cold stability of MTs always occurred immediately upon transfer of cells to fresh medium. After incubation for various periods of time in fresh medium, cells were cold treated for 1 h and the presence of cold-stable MTs was examined. With incubation for only 5 min in fresh medium, the number of cold-stable MTs decreased substantially in most cells. After a 15-min incubation in fresh medium, cold-stable MTs were scarcely detectable in most cells, and incubation for more than 20 min induced the almost complete disappearance of cold-stable MTs (Fig. 4) .
Prevention of the Loss of Cold-Stable MTs in Cells Transferred to Fresh Medium
The rapid disappearance of cold-stable MTs was induced by the transfer of cells to fresh medium as noted above. However, the loss of the cold-stable MTs was prevented by incubating the cells with fresh medium that was supple- Tables I and II . However, the medium factor(s) and the pectin hydrolyzate had no ability to confer cold stability to cold-labile MTs. The cells that lost cold-stable MTs by the incubation for 1 h after the transfer to a fresh medium were supplemented with either once-used medium or pectin hydrolyzate and were then cultured at 270C for 2, 24, 48, and 72 h, but cold-stable MTs were not detected in any of these cultures.
Cold-Stable MTs in Protoplasts
With protoplasts, the results were different from those obtained with intact cells (Fig. 5) . During early stages of culture, more than 80% of protoplasts had cold-stable MTs, whereas intact cells at the same stages had no cold-stable MTs. By contrast, most protoplasts at a late stage lost coldstable MTs, but intact cells at this stage retained cold-stable MTs at high frequency. Thus, the profile of changes in cold stability of MTs during culture of protoplasts was the mirror image of that in intact cells.
Induction of Cold Stability of MTs by Inhibitors of Protein Kinase Activity
Application of inhibitors of protein kinase to the cells that were cultured for 48 h at 270C induced cold stabilization of their MTs. Treatment with 6-DMAP at more than 1 mm or staurosporin at 10 uM induced cold stabilization of MTs in nearly 100% of cells (Fig. 6A) . The induction of cold stabilization of MTs during culture at 270C by 1 mm 6-DMAP was investigated. This inhibitor of protein phosphorylation caused marked acquisition of cold-stable MTs in most cells at every stage of culture (Fig. 6B) .
The time lag for the induction of the complete establishment of cold stability of MTs in cultured cells depended upon the stage of culture. At 48 h after the transfer to fresh medium, cells treated with an inhibitor of protein kinase at 270C for 30 min did not show evidence of any significant cold stabilization of MTs, and the treatment for 60 min induced cold stabilization only in MTs of spindles and phragmoplasts, but not in cortical MTs. Treatment for more than 90 min induced maximal cold stabilization of every type of MT in almost 100% of cells (Fig. 6C) . The cells cultured for 72 h showed similar responses.
However, cells cultured for more than 168 h, in about 70% of which cold stabilization of MTs had already occurred, had a rapid response to protein kinase inhibitors. Treatment for only 30 min with 6-DMAP or staurosporin at 270C induced a remarkable stimulation of cold stabilization of cortical MTs. The maximal effect was obtained with treatment for 60 min and, apparently, most MTs in each cell acquired cold stability (Fig. 6C) . Thus, inhibitors of protein kinase induced a remarkable cold stabilization of MTs in intact cells at a late stage of culture.
The response of protoplasts to protein kinase inhibitors was very poor. But characteristic cold-stable MTs from MTOC-like structures were detected on nuclei and/or in the periphery of the cytoplasm in protoplasts from the population of actively dividing cells at an early stage of culture, as shown in Figure 7 . The modification of tubulin subunits was also expected to be involved in the acquisition of cold-stability of MTs. 2-D PAGE was performed by the method of O'Farrell (22) . No significant differences were found in either a-or fl-tubulin isoforms between cells cultured for 168 h with cold-stable MTs (Fig. 8, a, and a' ) and cells transferred to a fresh medium and incubated for 1 h without cold-stable MTs (Fig. 8, b and b').
DISCUSSION
In suspension-cultured tobacco cells, the absence of coldstable MTs was found at early stages of culture. Cold stability was gradually conferred on MTs and eventually most cells contained almost entirely cold-stable MTs. The cold-stable MTs were detected in the CERF of the extract and were found to be associated with unidentified filamentous structures along their length. Such structures did not, however, always extend along the full length of MTs. In the case of animal nerve cells, the factors that confer cold stability on MTs also appear not to be associated with the entire length of MTs (12) . Because tubulins from cold-stable and cold-labile MTs in tobacco cells showed no significant differences after 2-D PAGE, the filamentous structures or other MAPs can be assumed to participate in the cold stabilization of MTs. When microtubules lose their cold stability, the associated filamentous structures may be detached from the surface of MTs. The gradual acquisition of cold stability by MTs during culture might be dependent on the increased synthesis of such a cold stabilizers) and the ability of such a factor(s) to associate with the surface of MTs. The rapid loss of the cold stability of MTs, induced by the transfer of cells to fresh medium, also might be caused by the detachment of stabilizer from the surface of MTs. Intracellular interconversion of coldstable and cold-labile MTs would be governed by the balance between phosphorylation and dephosphorylation of a cold stabilizer, depending on the actions of a protein kinase and a phosphoprotein phosphatase.
The striking ability of protein kinase inhibitors to confer cold stability on cold-labile MTs and to maintain the cold stability of MTs in cells supports the above hypothesis. The fact that MTs in spindles and phragmoplasts acquired cold stability more rapidly than cortical MTs upon treatment with inhibitors of protein kinase suggests that the interconversion between phosphorylated and dephosphorylated states of the cold stabilizer might be more rapid in spindles and phragmoplasts than in cortical MTs. The factor(s) excreted into the medium was dialyzable and resistant to heating, and it prevented the rapid change of cold-stable MTs to cold-labile MTs when cells were transferred to fresh medium. The action of the pectin hydrolyzate may involve a process similar to that mediated by the factor(s) in the once-used medium. However, these substances lacked the ability to confer cold stability on cold-labile MTs in the cells. Therefore, these substances may act on the MTs indirectly.
Fragments of pectin are known to act as an endogenous elicitor and to cause accumulation of phytoalexin in soybean cells (10, 21) . Moreover, Yoshikawa et al. (30) demonstrated the presence of a receptor for a fungal elicitor on the membrane of soybean cells. Dietrich et al. (6) , using suspensioncultured parsley cells, reported that fungal elicitor triggers rapid, transient, and sequential phosphorylation of proteins, and that this response is rapidly reversed by removal of the elicitor from the medium. The medium factor(s) and pectin hydrolyzate were speculated to act also on the plasma membrane of tobacco cells and to affect the function of protein kinase, although the apparent response of tobacco cells concerning phosphorylation seems to be inconsistent with the above reports.
Akashi et al. (1), using only cells at a late stage of culture, reported that polycationic substances, including extensin, induced cold stabilization of cortical MTs, and they proposed that the cell wall or wall material plays an important role in expression of cold stability of cortical MTs in tobacco protoplasts. In fact, most MTs were cold labile in the protoplasts prepared from the cells at a late stage of culture, even though the MTs in intact cells were cold stable. However, in the protoplasts prepared from cells at an early stage, plenty of cold-stable MTs were retained in spite of the complete absence of cold-stable MTs in intact cells. This result indicates that, at least in cells at an early stage, cell wall or wall material is not necessarily involved in cold stabilization of MTs. The protoplasts at an early stage tend to aggregate and form many clusters in mannitol solution, but protoplasts at a late stage never form such aggregates. This observation suggests the change in the properties of the plasma membrane during culture. The cell wall could function to support the maintenance of normal functions of the plasma membrane.
The treatment of protoplasts with protein kinase inhibitors induced only a faint stimulation of the acquisition of cold stability by MTs. The poor effect of the protein kinase inhibitors might be due to the removal of the cell wall. However, the distinctive cold-stable MTs were often observed to extend from the surface of nuclei and/or MTOC-like organizing centers in protoplasts. This observation suggests that the active interconversion between phosphorylated and dephos- In intact cells, abundant MTs acquire cold stability upon treatment of cells with protein kinase inhibitors, and profiles of MTs extending from the surface of nuclei and/or MTOClike structures would be masked by other overlapping MTs. The cold stabilization of MTs in intact tobacco cells seems to occur in an age-dependent manner, being maximal just prior to the stationary phase of cell proliferation. Upon acquisition of cold stability, MTs may be rendered static. Although it is difficult to conclude that the establishment of the stationary phase is somehow related to the formation of static MTs, it is possible that some correlation exists. For the initiation of a new round of cell division, the loss of cold-stabilized MTs or a change from the static form of MTs to the dynamic form may be required.
Determination of the mechanism that controls the formation and disappearance of cold-stable MTs is essential if we are to understand the physiological role of cold-stable MTs in plant cells. The establishment of an in vitro system for reconstruction of cold-stabilized MTs is also necessary, as is the isolation and identification of the cold-stabilizing factor, which is now under investigation.
